Using pH-sensitive microelectrodes (in vitro) and acridine orange photometry (in vivo), the actions of the two tonoplast phosphatases, the tp-ATPase and the tp-PPase, were investigated with respect to how effectively they could generate a transtonoplast pH-gradient. Under standard conditions the vacuoles of the aquatic liverwort Riccia fluitans have an in vivo pH of 4.7 to 5.0. In isolated vacuoles a maximal vacuolar pH (pHv) of 4.74 ± 0.1 is generated in the presence of 0.1 millimolar PP,, but only 4.93 ± 0.13 in the presence of 2.5 millimolar ATP. Both substrates added together approximate the value for PP,. Cl1-stimulates the H+-transport driven by the tp-ATPase, but has no effect on the tpPPase. The transport activity of the tp-ATPase approximates saturation kinetics (K% ½ 0.5 millimolar), whereas transport by the tp-PPase yields an optimum around 0.1 millimolar PP,. The transtonoplast pH-gradient is dissipated slowly by weak bases, from which a vacuolar buffer capacity of roughly 300 to 400 millimolar/ pHv unit has been estimated. From the free energy (-11.42 kilojoules per mole) for the hydrolysis of PP, under the given experimental condiftons, we conclude that the PPase-stoichiometry (transported H+ per hydrolyzed substrate molecule) must be 1, and that in vivo this enzyme works as a H+-pump rather than as a pyrophosphate synthetase.
The generation and maintenance of a steep transtonoplast electrochemical proton gradient is essential for plant cells, because many transport processes across the tonoplast are energetically linked to proton movements. It is therefore of general interest to investigate the primary active systems which are involved in these processes and to study their potential role in cellular pH-regulation. From in vitro studies, carried out mainly on tonoplast vesicles and in rarer cases on intact vacuoles, we know of two tonoplast located phosphohydrolases which both actively transport H+ from the cytosol into the vacuole: an anion-sensitive ATPase and a cationsensitive PPase3 (23) . Both ATPase is stimulated by Cl-and inhibited by NO3-, the tpPPase is essentially insensitive to anions but requires high K+ for proper action.
Taking these characteristics into account, we analyze the two electroenzymes with respect to their stoichiometries and their role in cellular pH-regulation using proton transport across the tonoplast as a measured parameter.
MATERIALS AND METHODS Plants and General Conditions
Thalli of Riccia fluitans L. were grown under sterile conditions in a 12 h light/dark regime as previously described (7, 14) . The media for electrophysiological tests comprised 1 mM KCI, 0.1 mm NaCl, 0.1 mM CaC12, 5 mM (MES + Tris), adjusted to the pH given in the text or legends. The media for the preparation of the protoplasts and the vacuoles are given in Table I .
Electrophysiology
The pH-sensitive microelectrodes for intracellular tests were prepared as described in Felle and Bertl (8a) . Intracellular measurements were carried out using a high impedance amplifier (FD 223, WP-Instruments, New Haven, CT). Otherwise, standard electrophysiology was applied.
Preparation of Protoplasts and Vacuoles
The procedure has been described in detail in Johannes and Felle (15) . Briefly, the thalli were cut into 0.5 cm pieces and thoroughly rinsed with medium A (Table I) to prevent inhibition of the cell wall-digesting enzymes. The enzyme cocktail comprised 0.5% (w/v) Driselase (Sigma), 0.5% (v/v) ,B-glucuronidase H2 (Sigma), and 1% (w/v) BSA dissolved in medium A. After incubation of the thalli in the enzyme solution for 14 to 16 h at 27°C the enzymes were replaced by medium B (Table I) . Gentle shaking and vacuum infiltration set the protoplasts free. Purification was carried out by flotation through a discontinuous Ficoll gradient (media D, C, B; bottom to top) at 100 g for 12 min at 10°C. The protoplasts gathered in the top layer (medium B, no Ficoll).
The isolation of vacuoles was carried out as described by Kreis and Reinhard (16) for Digitalis lanata and modified by Johannes and Felle (15) . The lysis of the protoplasts was induced by a sudden decrease in the osmotic strength of the medium, a change in pH from 5.7 to 7.2, and through the IA) . This reduces the electrochemical proton gradient across the tonoplast by roughly 60 mV.
Generation of the ApHv by the tp-ATPase and tp-PPase
In intact vacuoles the proton gradient across the tonoplast, built up and maintained in the presence of ATP or PPi, can be demonstrated most conveniently photometrically, using acridine orange as vacuolar pH probe (2, 9) .
In Figure 2 the rates of absorption decrease are shown as a function of PPi and ATP concentrations. Some differences are conspicuous: (a) both enzymes work in a different concentration range of their substrates; (b) the proton transport activity of the tp-ATPase approximates saturation kinetics (K,,~0.5 mM), whereas proton transport by the tp-PPase yields an optimum around 0.1 mM PPi, a problem which has been dealt with in an earlier paper (15 Comparing the effectiveness of both enzymes with respect to their ability to generate a transtonoplast ApH, we find that the final vacuolar pH is lower after the addition of PPi than in the presence ofoptimal ATP (Fig. 3) : starting with an initial vacuolar pH 5.34 ± 0.12 of the freshly prepared vacuoles which is equivalent to a A pH of about 1.9 across the tonoplast, in the presence of 2.5 mM ATP a maximal acidification of 0.41 pH units is generated, but 0.6 with 0.1 mM PPi (Table  II) . It appears, therefore, that under the given experimental conditions the PPase is more effective in building up a transtonoplast proton gradient. When both substrates are added together, the generated pH gradient is not different from the tests where solely PPi was added. This is directly demonstrated with the kinetics of Figure 3 , where the single and cumulative effects of both enzymes are shown on the same batch of a homogeneous suspension of vacuoles.
Influence of Chloride
With tonoplast vesicles chloride is often used for charge compensation to prevent the locking of proton translocation by the rapid increase in membrane potential due to primary active charge translocation (H+). But chloride is also known to directly stimulate the ATPase-mediated H+-transport, as shown in Figure 4A . In intact vacuoles of Riccia no or only little effect of Cl-is found on H+-accumulation carried out by the tp-PPase (Fig. 4B) which confirms the conclusion that in the Riccia vacuoles the effect of Cl-on the tp-ATPase is clearly direct and not caused by any electrical interactions. The small stimulation of the PPase activity in the presence of higher Cl-concentrations (Fig. 4B ) may be due to the increase of the background K+.
Dissipation of the A pHv
Apart from the natural 'proton-leak' which slowly reduces the transtonoplast proton gradient, addition of pump inhibitors, protonophores, and weak bases lead to an acceleration of the equilibration with the surrounding assay medium. In case the vacuoles contain high amounts of nonpermeant compounds, Donnan phenomena may prevent a total equilibration, as reported for Beta vulgaris (19) and for Chenopodium rubrum (13) . No permeant, the weak base methylamine (pK. = 10.65) acts solely through the pH-dependent distribution of its unprotonated species across the tonoplast. This is because, unlike for the plasma membrane (6) , no uniport for the protonated methylamine exists at the tonoplast of Riccia. As shown in Figure SA , millimolar methylamine concentrations increase the pH, according to the vacuolar buffer capacity and to the amount of unprotonated methylamine present in the assay solution.
For the reasons given above methylamine cannot be used as in vivo agent to quantitatively manipulate vacuolar pH. Therefore the weak base procaine (pKa = 9.05) has been chosen, using pH-sensitive microelectrodes on intact cells. Two mm procaine (pKa = 9.05) rapidly increase the vacuolar pH from 4.62 to 5.05 (Fig. SB) . DISCUSSION gradient of roughly -160 mV in R. fluitans. Therefore, whether the energy from the hydrolysis of PPi is sufficient to drive protons from the cytoplasmic side across the tonoplast, may be questioned. In considering this problem, the knowledge of both the PPase stoichiometry and the ratio of pyrophosphate/Pi are most important. In Pisum sativum (5) and Zea mays (4, 24) PPi concentrations of 0.05 and 0.39 mM, respectively, were found, while for Kalanchoe much higher values were reported (17). Rebeille et al. (22) determined cytoplasmic inorganic phosphate applying the 3'P-NMR technique and found 5 mm. According to the considerations of Rea and Sanders (21) , a stoichiometry of 1 is most likely, if one assumes a realistic cytosolic substrate/product-ratio of 1/ 100. A stoichiometry >1 would inverse the pump and a synthesis of PP1 should result.
In order to get more information on this, one can either measure substrate hydrolysis with H+ transport-velocity or pH-gradient formation. Since hydrolysis is not restricted to intact vesicles or vacuoles, but will also take place with a much higher turnover on tonoplast fragments, this approach will lead to an overestimation. At the same time the transport rate will be underestimated, because a high vacuolar buffer capacity (see below) and 'proton leaks' retard the formation of the transtonoplast proton gradient. In our studies we therefore preferred the thermodynamic rather than the kinetic approach.
The free energy change ofthe pyrophosphate driven proton translocation across the tonoplast can be calculated using the following equations (21 According to the given conditions in this study, AutH' is 15.9 kJ/mol, using Eto = +20 mV, pH, = 4.74 (Table II) (1) and total Pi = 5 mm. For n = 1 a AG of -11.42 kJ/mol, for n = 2 a AG of +4.56 kJ/mol results. Since a negative AG signals hydrolysis of pyrophosphate, whereas a positive AG means its synthesis (Fig. 6) , for the Riccia vacuoles only a stoichiometry of 1 is energetically feasible. This also holds if we take a considerable error of Eto into account. Furthermore, there are a number of 'proton leaks' (i.e. proton cotransport) which move the operating range away from the thermodynamic equilibrium. This is evident from Figure 6 , where for three different stoichiometries the free energy of hydrolysis as well as for synthesis of pyrophosphate are plotted (21) . The thermodynamic equilibria (at AG = 0) are pH 5.85 for n = 3 (pH 5.05) for n = 2, and 2.7 for n = 1. Since with both methods, pH-sensitive microelectrode and acridine orange accumulation, vacuolar pH has been found to be even slightly below the equilibrium pH calculated for n = 2, we conclude the tp-PPase in Riccia definitely works as a proton pump in parallel with the proton ATPase. (4) taking concentration changes due to vacuolar accumulation into account. Figures 5 and 6 compare in vitro-and in vivo-measurements. Methylamine in the lower millimolar range concentration dependently increases vacuolar pH, the values of which are given in Table II together with the calculated buffer capacities. The numbers strongly scatter around 400 mM HW/ pH unit, a value which exceeds the cytosolic buffer capacity by a factor of about five, but is far higher than the /3 of 1 mM/ pH unit reported for Chara (26) or the 30 to 40 mM/pH unit reported for Catharantus roseus (10, 18) . On the other hand, it would explain the slow generation of the transtonoplast pH gradient after energization shown in Figures 3 and 4 . In Figure  6 the results from the pH-sensitive microelectrode show that external addition of 2 mm procaine (pKa = 9.02) to intact cells rapidly alters vacuolar pH from 4.62 to 5.05, i.e. by 0.43 pH units. According to Equation 1 and taking a measuring error of ±0.1 pH unit into account, one can calculate a /3 of 300 to 400 mM/pH which is in the range of the in vitro estimations of Table III. Does such a high buffer capacity make physiological sense? Chara, for instance, has a much lower vacuolar buffer capacity (26) . A vacuole is a storage compartment and is involved in various regulation processes. Mediating between cytosol and vacuole, the electrochemical trans-tonoplast proton gradient provides the transport energy for many compounds and ions. Provided a cell is small, vacuoles with low buffer capacities would suffer a considerable pH, shift following an already small pH-load and thus alter transport driving forces. A high buffer capacity prevents this.
Joint Action of the Pumps
The stoichiometry of the tonoplast ATPase has been reported to be 2 for many higher plants (21) , although with very acidic vacuoles below pH 3 a stoichiometry of 1 has to be assumed, and patch-clamp studies seem to confirm this (1 1, 12 Fig. 3 ; Table II ), could be caused by a different density of the pumps per membrane area. Since the 'proton leak' is equally effective on both pumps, this means that in the intact cell both pumps work against the same proton gradient. As evident from the AG values of -14.17 kJ/mol for the ATPase (n = 2) and -1 1.42 kJ/mol for the PPase (n = 1), both enzymes operate far from their equilibrium (PPase: AG = 0 at pHv = 2.7; ATPase: AG = 0 at pH, = 3.5). This is important, because a pump working close to its equilibrium cannot be regulated reasonably well itself and hence is not able to contribute much to pH-regulation per se; thermodynamic forces would largely prevent this.
The data from Figure 1 , where the action of NaCN is shown to decrease the transtonoplast AMH+/F by about 60 mV, are interesting, because the tp-PPase alone is seemingly not able to restore either the cytosolic, or the vacuolar pH. At first glance this appears surprising, because on the short-term the PPase should not be affected by NaCN. However, taking the pH optimum (z7.2) of the PPase into account (13) , one must realize that the decrease of cytosolic pH to 6.6 causes a considerable drop in PPase activity by about 40%. Since the pH optimum is just around the cytosolic pH, the conclusion must be that the tp-PPase cannot contribute considerably to cellular pH regulation, regardless to which side the cytosolic pH is shifted.
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